Abstract: Small modular nuclear reactors (SMRs) offer the promise of providing carbon-free electricity and heat to small islands or isolated electricity grids. However, the economic feasibility of SMRs is highly system-dependent and has not been studied in this context. We selected three case-study islands for such an evaluation: Jeju, Tasmania and Tenerife based on their system complexity. We generated 100,000 electricity-mix cases stochastically for each island and examined the system-level generation-cost changes by incrementing the average generation cost of SMRs from USD$60 to 200 MWh −1 . SMRs were found to be economically viable when average generation cost was <$100 MWh −1 for Jeju and <$140 MWh −1 for Tenerife. For Tasmania the situation was complex; hydroelectric power is an established competitor, but SMRs might be complementary in a future "battery of the nation" scenario where most of the island's hydro capacity was exported to meet peak power demand on the mainland grid. The higher average generation cost of SMRs makes it difficult for them to compete economically with a fossil fuel/renewable mix in many contexts. However, we have demonstrated that SMRs can be an economically viable carbon-free option for a small island with a limited land area and high energy demand.
Introduction
Decarbonizing electricity generation is fundamental for limiting the mean global temperature increase to the levels proposed in the Paris Agreement (<2 • C above pre-industrial by 2100). The countries that ratified the Paris Agreement have widely varying decarbonization policies, energy histories and future development constraints. Many national-level pathways seek to pursue a combination of the expansion of variable renewable sources (e.g., wind, solar) along with a substantial backup supply from gas or hydroelectric power [1] . Some countries have a plan to depend on, or expand, their existing nuclear fleet or deploy fossil-fueled power stations equipped with carbon capture and sequestration (CCS). Although the extent to which increasing the share of variable renewable energy sources can reduce the share of fossil fuels effectively compared with nuclear power is strongly debated [2, 3] , it seems inevitable that variable renewable energy sources will meet a significant fraction of electricity demand in many future national-level electricity grids.
However, physical constraints (e.g., limited land area) becomes a major hurdle for the expansion of variable renewable energy sources for geographically bounded areas, such as the 87,000 inhabited small islands worldwide, where >740 million people currently live [4] . Given that the globally averaged per-capita electricity consumption now exceeds 3 MWh p.a. [5] , the total annual electricity consumption of small island inhabitants is~2250 TWh [5] . Currently, fossil generators such as dieselor steam-powered turbines are the major sources of electricity, due to their compact footprint [6] . 2 of 11 Small modular reactors (SMR) have been proposed in recent energy discussions as a potential way to address such issues in micro grids. Six different 'types' of SMRs (based on broad categorizations of >50 designs) are under development or construction globally [7] . Land-based light water reactors are the most mature technology, which has historically been adopted for monolithic nuclear reactor technologies. One SMR unit with 30 MWe of power output (CAREM) is currently under construction in Argentina (CNEA, Argentina), and South Korea (KAERI, South Korea) is developing 100 MWe reactors (SMART). For isolated regions where fundamental infrastructure and accessible land area (e.g., small islands, polar bases, etc.) are limited, marine-based light water reactors are an alternative option. In this context, the Russian Federation (OKBM Afrikantov, Russia) is building a 70 MWe floating reactor (KLT-40S). For more efficient electricity generation, high temperature (≥750 • C) gas-cooled reactors have been developed [8] . One such unit, with 210 MWe of power output (high-temperature gas-cooled (HTGR) pebble-bed generation IV reactor, HTR-PM), is being constructed in China (INET, Tsinghua University). Other types of SMRs under development include fast-neutron spectrum reactors, molten salt reactors and small-heat-pipe reactors [7] .
Some recent work has assessed optimal electricity-generation mixes on small islands in the context of their economic and geographical constraints [4, 6] , and have also explored opportunities for alternative systems such as electric vehicles and energy storage [9, 10] . However, these studies have, in general, focused on a varying range of renewable-only solutions for small islands, and neglected to consider any role for small modular reactors (SMR) (i.e., nuclear power plants with <300 MWe; [11] ), whether it be exclusive to, or in synergy with, renewable-energy supply. Complicating the matter is the wide differences in renewable-energy potential, available land area and electricity demand patterns across small islands, making it difficult to draw any high-level conclusions on the economic feasibility of SMRs in this context.
To redress this gap in knowledge, we sought to covered virtually all possible electricity-generation scenarios for three strategically selected small islands: Jeju (South Korea), Tasmania (Australia), and Tenerife (Spain), based on 100,000 possible energy mixes for each island, covering the full gamut of renewables, SMR nuclear, and fossil fuels with CCS. We then analyzed the system-level economic costs, greenhouse-gas emissions and land use by the simulated share of SMRs, variable renewable energy sources and fossil fuels, to determine optimal outcomes for each representative case studies, and to draw more general conclusions about the potential role of SMRs in helping to meet low-carbon energy supply on small islands.
Methodology

Three Islands
We selected three small islands to represent the diversity of scenarios facing small islands globally, such as energy demand, potential renewable energy sources, land area and system complexity (e.g., transmission to the mainland). The three were Jeju in South Korea, Tasmania in Australia and Tenerife in Spain (Table 1) . Critically, all had sufficient historical and current data available on which to base a robust modelling exercise. Jeju island is the smallest among the three by area, and Tasmania the largest. Tenerife has the largest population but the lowest annual and demand peak and has no transmission connection to any mainland grid and has a large influx of tourists annually. Tasmania, by contrast, has the lowest population of the three but the highest annual and demand peak, but is connected to mainland Australia by a recently built transmission line. Jeju island relies on its long-established connection to the mainland for over half of its supply (57.6%). Hydroelectric power is the main source of electricity for Tasmania, and fossil fuels (e.g., diesel, gas) for Tenerife. 
Data
We sourced input data from local sources for each case-study island. We obtained hourly electricitydemand profiles for each island from its own system operator: Korea Power Exchange [12] for Jeju, Australian Energy Market Operator (AEMO) [13] for Tasmania, and Red Eléctrica de España [14] for Tenerife, along with hourly electricity-generation profiles for wind and solar photovoltaic. We divided the generation profile by the peak generation to obtain the hourly generation profile per unit of capacity (1 MW). We obtained the levelized cost of each electricity-generation source from the same sources for Jeju [12] and Tenerife [14] , and a report published by the Bureau of Resources and Energy Economics [15] for Tasmania.
Land area came from various published sources: Hernandez et al. [16] for a typical solar photovoltaic plant, a National Renewable Energy Laboratory (NREL) report [17] for onshore wind power, and print report on the size of a new solar thermal power plant in South Australia [18] (Table 2) . We did not include the land requirements of conventional power plants since this is not relevant to the capacity of a power plant, and a GW-scale power plant can fit into a negligibly small land-area (<0.01 km 2 ) [19] . We also did not include the land requirement of hydroelectric power, since we only included currently operating hydroelectric power plants. We collected greenhouse-gas emissions of each source from a published report for Tasmania [20] , greenhouse-gas emission inventories from Korea Power Exchange (KPX) [12] and data from the Electric Power Statistics Information System (EPSIS) [21] for Jeju. Greenhouse-gas emissions for each source for Tenerife came from public generation and emission data from Red Eléctrica de España [14]. 
Modelling
We included fossil fuels (e.g., coal, oil, gas), variable renewable energy sources (e.g., wind, solar photovoltaic, concentrated solar thermal), and dispatchable renewable sources (e.g., biomass, hydroelectric power) and nuclear power in our simulation study. We selected different generation options for each case-study island based on its economic viability and available land area (for future deployments of renewables). For Jeju, we included onshore wind, solar photovoltaic, biomass, coal, gas and nuclear power; for Tasmania, we included onshore and offshore wind, solar photovoltaic, concentrated solar thermal, coal, gas, biomass, hydroelectric and nuclear; for Tenerife, we included onshore wind, solar photovoltaic, gas, oil and nuclear.
We evaluated generation costs, required land area and greenhouse-gas emissions at the system level. We multiplied the average unit cost (USD$ MWh −1 ) and greenhouse-gas emission (kg MWh −1 ) and scaled up appropriately to estimate annual generation costs and emissions. A similar approach was used to estimate required land area based on scaling of the per-unit footprint (in km 2 MW −1 ). Although the generation costs of variable renewables are highly volatile, being strongly dependent on the correlation between demand and generation, we assumed fixed generation costs for the sake of the model simplicity. Energy storage, such as electrochemical batteries, can reduce cost volatility to an extent [22] , and so annual average generation costs will likely converge to a certain price. Since SMR nuclear is not yet widely commercialized, its electricity generation cost is unknown. We analyzed the economic feasibility of SMRs by incrementing the average generation cost (i.e., bidding price) across the range $US 60 to 200 MWh −1 .
We also added a reference case that nuclear power was not introduced, along with three cost variations: (1) low renewable-energy costs (e.g., technology improvement, subsidies); (2) low renewable-energy and high fossil-fuel costs (e.g., carbon tax); and (3) low renewable-energy and high fossil-fuel costs but with no priority dispatch given to variable renewable energy sources.
We stochastically produced 100,000 sets of capacity mixes for each case study. To distribute capacity mixes across all possible combinations within an island, including some extreme cases such as where one source dominates the entire capacity, we divided the system-level capacity range into 100 sections. The minimum capacity was set at 0 and the maximum total capacity set to five times the peak demand. The number of cases for each section was selected using a beta distribution, so as to allocate fewer scenarios to extreme cases and a larger probability density to more plausible intermediate cases. Power output capacity of each source ranged between 0 and the adjusted maximum capacities (peak demand divided by a source's capacity factor). This flexible approach allowed us to encompass all potential capacity mixes.
We multiplied the stochastically generated capacity mixes of a variable renewable source with its hourly generation profile (per unit of capacity) to obtain the generation profiles of variable renewable sources. For conventional-energy sources, we allocated the expected annual generation (capacity multiplied by a source's capacity factor and hours in a year) to each hour in proportion to the required generation. For the sake of model simplicity, we ignored the complications associated with balancing system-level sub-hourly demand. The electricity-supply dispatch order followed a merit order, whereby the source with the lowest average generation cost was dispatched first and the highest last. Variable renewable energy sources such as wind, solar photovoltaic and concentrated solar power had a priority over the other conventional sources in the dispatch order. This allowed for the maximal feasible use of variable renewable energy sources relative to other conventional sources. To select capacity mixes that ensure system reliability, we screened generation-mix cases for those that generated sufficient electricity for the demand of each hour, while also ensuring that total generation did not exceed 120% of annual demand. 
Results
Jeju
The maximum share of onshore wind power in Jeju is only 60.0% of the total electricity demand, and that of solar photovoltaic is 36.7% (Figure 1) . The system-level average generation cost decreases as wind expands, but it increases with the size of the solar photovoltaic share. Increases in the use of gas, biomass and inflows through the interconnector increase the average generation cost. Nuclear power has economic and environmental advantages over the other low-carbon sources in this case study, whilst the average generation cost is <$100 MWh −1 .
To achieve the maximum share of onshore wind power, 46.5% of the total land area of Jeju (1849 km 2 ) needs to be converted. Given that the current protected area (land reserved for nature conservation) in Jeju is 409 km 2 , and it will increase to 639 km 2 [23] , land area is the main constraint to further expansion of variable renewable energy sources in Jeju. Gas becomes a relatively low-emission source when nuclear power is excluded from the mix, or the average generation cost of nuclear power exceeds $100 MWh −1 . Inflows from mainland South Korea allow for reductions in emissions and land use but lead to increases in annual cost. Regardless of economic viability, nuclear power offers the only realistic zero emission source in Jeju. However, the South Korean government has proposed to phase out nuclear power [24, 25] ; in this situation, onshore wind power and greater inflows from the mainland would need to be the main sources of future electricity supply in a decarbonized Jeju.
Results
Jeju
To achieve the maximum share of onshore wind power, 46.5% of the total land area of Jeju (1849 km 2 ) needs to be converted. Given that the current protected area (land reserved for nature conservation) in Jeju is 409 km 2 , and it will increase to 639 km 2 [23] , land area is the main constraint to further expansion of variable renewable energy sources in Jeju. Gas becomes a relatively low-emission source when nuclear power is excluded from the mix, or the average generation cost of nuclear power exceeds $100 MWh −1 . Inflows from mainland South Korea allow for reductions in emissions and land use but lead to increases in annual cost. Regardless of economic viability, nuclear power offers the only realistic zero emission source in Jeju. However, the South Korean government has proposed to phase out nuclear power [24, 25] ; in this situation, onshore wind power and greater inflows from the mainland would need to be the main sources of future electricity supply in a decarbonized Jeju. Jeju example: greenhouse-gas emissions (black) cost (blue) and land use (red) and its median for each section (continuous) based on incremental 5% changes in the share of each source of total annual generation, along with regression graphs (dotted) by the share of each electricity source. Each plot is redrawn from the same output to display the changes by share of each source.
Tenerife
Either onshore wind or solar photovoltaic power alone could not meet the entire electricity demand of Tenerife (Figure 2 ). Furthermore, a maximal combination of onshore wind and solar photovoltaics failed to achieve zero emissions if nuclear power is not included in the generation mix. If nuclear power is included (<$100 MWh −1 ), solar photovoltaic reached its minimum greenhouse-gas Energies 2018, 11, 2587 6 of 11 emission levels (in terms of the average of each section) prior to reaching its maximum possible generation share. Land requirement had a strong positive (and exponential) correlation with the share of onshore wind, while other sources were negatively correlated. Increases in the share of onshore wind power decreased the system-level average generation cost, while increases in the share of solar photovoltaic increased the cost.
Since a combination of onshore wind power and solar photovoltaics failed to provide sufficient electricity, nuclear power must be included in Tenerife's electricity mix if decarbonization is to be achieved. However, if the average generation cost of nuclear power is higher than either gas or oil, then an increase in nuclear shares will inevitably increase the system-level generation cost. The average generation-cost changes of nuclear power did not affect the economic feasibility of variable renewable energy sources due to its priority dispatch.
Either onshore wind or solar photovoltaic power alone could not meet the entire electricity demand of Tenerife (Figure 2) . Furthermore, a maximal combination of onshore wind and solar photovoltaics failed to achieve zero emissions if nuclear power is not included in the generation mix. If nuclear power is included (<$100 MWh −1 ), solar photovoltaic reached its minimum greenhouse-gas emission levels (in terms of the average of each section) prior to reaching its maximum possible generation share. Land requirement had a strong positive (and exponential) correlation with the share of onshore wind, while other sources were negatively correlated. Increases in the share of onshore wind power decreased the system-level average generation cost, while increases in the share of solar photovoltaic increased the cost.
Since a combination of onshore wind power and solar photovoltaics failed to provide sufficient electricity, nuclear power must be included in Tenerife's electricity mix if decarbonization is to be achieved. However, if the average generation cost of nuclear power is higher than either gas or oil, then an increase in nuclear shares will inevitably increase the system-level generation cost. The average generation-cost changes of nuclear power did not affect the economic feasibility of variable renewable energy sources due to its priority dispatch. 
Tasmania
Tasmania has sufficient combined onshore and offshore wind potential to theoretically cover all of its energy demand (Figure 3 ), due to its relatively larger land area and lower population density compared with Jeju and Tenerife. However, despite the land area, the solar-based systems 
Tasmania has sufficient combined onshore and offshore wind potential to theoretically cover all of its energy demand (Figure 3 ), due to its relatively larger land area and lower population density compared with Jeju and Tenerife. However, despite the land area, the solar-based systems (photovoltaic and thermal) cannot provide sufficient electricity. Such an expansion of variable renewable energy would require <2.5% of the island's total land area but would increase the system-level generation cost. Nuclear would only be competitive if the average generation cost is <$80 MWh −1 . Existing hydroelectric power with its low average-generation cost is the major competitor to nuclear power. Coal, gas and biomass failed to provide Energies 2018, 11, 2587 7 of 11 any electricity in the stochastic scenarios due to the large capacity of existing hydro. Any dispatchable power that is more expensive than existing hydro cannot compete economically in Tasmania. However, SMRs might provide baseload electricity for Tasmania if the "battery of the nation" scenario in which existing hydro capacity in Tasmania becomes a virtual/physical energy storage to provide peak power for mainland Australia [26] .
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Variation: Low Renewable, High Fossil-Fuel Costs and No Priority Dispatch
Increasing the share of solar photovoltaic, gas and oil increases the system-level generation cost in all the studied islands ( Figure 4) . The lower generation costs of variable renewable energy sources act to diminish the economic competitiveness of nuclear power and fossil fuels. However, such growth will potentially increase the system-level generation cost on these islands because backup generation from fossil fuels is required to cover shortfalls in variable-renewable output.
We did not attempt to estimate the required backup capacity due to changes in the correlations between demand and variable-renewable generation patterns. However, the lower the correlations and higher the penetration of variable renewables, the more the backup capacity requirement rises [27, 28] . In the worst case, equal amounts of backup and installed capacity of variable renewables is required to prevent electricity supply discontinuities when the sun does not shine, and the wind does not blow. Increasing the share of onshore wind power increased the simulated system-level generation costs when renewables' priority dispatch is withdrawn, and the generation cost is then higher than nuclear power, due to large amounts of spilt generation. Tasmania example: cost (blue) and land use (red) and its median for each section (continuous) based on incremental 5% changes in the share of each source of total annual generation, along with regression graphs (dotted) showing the share of each electricity source. Each plot is redrawn from the same output to display the changes by share of each source. Note that the current greenhouse-gas emissions from electricity generation are 0 in Tasmania owing to its near-exclusive reliance on hydroelectric power (if inter-connector trading to the mainland is disregarded). * Minimum generation cost when the average generation cost of nuclear power is $60 MWh −1 . ** Minimum generation cost when the average generation cost of nuclear power is $80 MWh −1 .
We did not attempt to estimate the required backup capacity due to changes in the correlations between demand and variable-renewable generation patterns. However, the lower the correlations and higher the penetration of variable renewables, the more the backup capacity requirement rises [27, 28] . In the worst case, equal amounts of backup and installed capacity of variable renewables is required to prevent electricity supply discontinuities when the sun does not shine, and the wind does not blow. Increasing the share of onshore wind power increased the simulated system-level generation costs when renewables' priority dispatch is withdrawn, and the generation cost is then higher than nuclear power, due to large amounts of spilt generation. 
Conclusions
On small islands with limited renewable resources and high population densities, such as Jeju and Tenerife, variable renewable energy cannot generate sufficient electricity supply to meet demand due to the physical limitations of the available land area. Although they are carbon-free, an electricity system that relies principally on variable renewable energy cannot achieve complete decarbonization due to the needs for backup sources (e.g., gas, oil and coal) [29, 30] . By comparison, nuclear power could theoretically achieve a 100% carbon-free grid on such islands while minimizing land requirements and annual costs on electricity generation. Small modular reactors, which have a lower overnight capital cost and potential for deployment of distributed units, might prove to be more practical in this context compared to the currently commercial gigawatt-scale 'monolith' plants (e.g., the 1100 MWe AP1000 and 1600 MWe European Pressurized Reactor, EPR) [31] .
The average generation cost which can guarantee economic feasibility of nuclear power differs across the three case-study islands. Nuclear power proved to be economically feasible when its supply cost was lower than other conventional sources (i.e., non-variable energy sources), but did not compete directly with variable renewables in our simulations due to our imposed dispatch rules 
The average generation cost which can guarantee economic feasibility of nuclear power differs across the three case-study islands. Nuclear power proved to be economically feasible when its supply Energies 2018, 11, 2587 9 of 11 cost was lower than other conventional sources (i.e., non-variable energy sources), but did not compete directly with variable renewables in our simulations due to our imposed dispatch rules that deliberately favoured wind and solar. We also found that if technology-neutral regulation environments (e.g., a straight carbon tax) are provided to decarbonize a power grid, then nuclear power has economic advantages over variable renewables. Specifically, our analysis showed that nuclear reactors with an electricity output of <300 MWe (i.e., small modular reactors) are economically feasible in a small island setting. The 'nth-of-a-kind' cost of SMRs is anticipated to be well below $100 MWh −1 of electricity output [11] which is lower than the threshold cost that SMRs would need to meet to be economically viable in all three cases. Our result is thus aligned with other research that argues for SMRs being an economically suitable technology to service micro grids with an average power demand of between 1 to 3 GWe [32, 33] .
To realize the maximum economic benefits from SMRs, however, some challenges remain. An initial order of a large number of modules will probably be required, to create the market conditions favourable for the establishment of a production and export facility for SMRs and for development of comprehensive management and safety plans, such as spent-fuel management strategies, evacuation plans and monitoring schedules along with requirements for a technology-neutral regulatory environment [11, 34] . For Jeju in South Korea, a country where nuclear power is one of the main sources of electricity and continues to be being actively constructed, these issues are not major concerns. Conversely, for Tasmania in Australia, where nuclear power is legally prohibited, regulatory barriers are the first problem to overcome. In their favour, all three countries already have favourable financial and economic levels, infrastructure and regulatory frameworks in energy and radiation-protection sectors [34] .
A smaller-sized, factory-based manufacturing process using standardized components, coupled with the clustering of multiple units of SMRs within 'energy parks', can potentially reduce the long-run construction cost and shorten the delivery period [31, 32] . Moreover heat production from SMRs (an inevitable by-product of the Carnot cycle of heat engines that is exploited today in fossil-fuel-powered combined heat-and-power units in Europe), if aligned with district heating systems (>100 • C) in cold climates, or else the provision of evaporative or reverse osmosis desalination services in tropical islands, could generate other economically attractive revenue streams [32, [35] [36] [37] [38] . High-temperature thermal output of advanced reactor technologies can be used for other industrial purposes, such as petroleum refining (>300 • C), hydrogen production (>400~600 • C) [39, 40] , coal gasification (>800 • C) and blast furnace steel making (>900 • C) processes [7] .
In summary, we examined the economic feasibility of small modular reactors for three case-study islands: Jeju, Tasmania and Tenerife. Using a probabilistic approach, we demonstrated that SMRs are not only economically viable, but also environmentally friendly, for small islands. We also confirmed that the limited land area of a small island with large populations is the main barrier to expanding the share of variable renewable resources. As such, we argue that a level playing field, in terms of a technology-neutral regulatory environment, needs to be provided to achieve the greatest economic and environmental benefits of SMRs on islands.
